Oxygen reduction at sparse arrays of platinum nanoparticles in aqueous acid: hydrogen peroxide as a liberated two electron intermediate 
Introduction
The oxygen reduction reaction (ORR) lies at the heart of fuel cell technology which is currently the subject of intense activity worldwide. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In particular, to realise optimal energy conversion it is important that oxygen is reduced in an overall four electron process to water.
rather than form the two electron product, H 2 O 2 . Numerous catalysts for the desired process have been proposed and the associated possible kinetics and mechanism reviewed by Song and Zhang. 3 Despite huge effort and some progress, platinum metal remains the preferred electrocatalyst for the sought reaction. In technological practice this is generally used in the form of nanoparticulate platinum, supported on carbon. The four proton, four electron reduction of O 2 to H 2 O will proceed, as with any other electrochemical process, via a sequence of electron transfer and chemical steps where the latter includes protonations and bond breaking steps. As a consequence of this sequential nature the reduction can be highly sensitive to the prevailing mass transport conditions. As an illustration consider an EECEE process in which a chemically rate determining step is sandwiched between two two-electron steps as is possible for the conversion of O 2 to H 2 O via H 2 O 2 . Imagine the process taking place at a single nanoparticle supported on an electrically conductive substrate, to make contact with the nanoparticle but which is assumed electrochemically inert (Fig. 1) .
If the nanoparticle has a radius r, then the mass transport constant, k MT , of the supported particle is: To this end we analyse the oxygen reduction reaction on sparsely covered platinum nanoparticle arrays. These are fabricated using a simple electrodeposition method giving an interparticle spacing of around 1 mm, well within the boundaries of the case 3 and case 4 diffusion regimes. [16] [17] [18] [19] Analysis of experimental results shows that oxygen reduction on platinum can indeed be stopped at the two electron stage. Further to this electrochemical modelling of the electrochemical reaction allows estimation of the surface rate constant for the loss of H 2 O 2 and a potential mechanism for O 2 reduction in aqueous acid to be proposed.
Experimental
The glassy carbon electrodes used consisted of a short rod of glassy carbon 3 mm Â 3 mm mounted into a PEEK stub, which had been screw cut. The short electrode stub could then be mounted into a variety of holders, depending on the application (e.g. electrochemistry, sonication, SEM). The glassy carbon electrode stubs were first polished on P2500 sand paper. The stubs were then further polished using 1 mm then 0.05 mm alumina slurry on hard polishing pads. Between each polishing step the stubs were twice sonicated, facing downwards in a holder, for 1 min, in water. A standard three electrode setup was used for electrochemical experiments. All experiments were carried out in a thermostated Faraday cage, heated using DC current to reduce experimental noise. The Faraday cage was set to 298 K for all experiments. Counter electrodes were made of platinum mounted in glass. Each electrode was flame annealed in a H 2 flame before use, to remove any potential contaminants. The reference electrode used for cyclic voltammetry was a mercury/mercury sulphate electrode (MSE) with a potential +0.640 V relative to the standard hydrogen electrode (SHE). 20 The reference electrode used for platinum deposition was a saturated calomel electrode (SCE) with a potential +0.240 V relative to SHE. 20 All potentials reported in this paper are given relative to SHE. Sulphuric acid (H 2 SO 4 ) was trace metal analysis grade from Fischer Scientific UK. Chloroplatinic acid (H 2 PtCl 6 ) was acquired from Afa Aesar UK at a purity of 99.9%. Millipore water was used throughout to make any solutions. All gases were procured from BOC Gases UK. All glassware was first placed into a piranha bath for one hour before any experiments were performed in order to remove any potentially passivating contaminants.
The potentiostat used for both chronoamperometry and cyclic voltammetry was a Metrohm mAutolab II running from a clean electricity supply and controlled by standard GPES software. The scanning electron microscope used was a JEOL JSM-840F FEGSEM operating at an accelerating voltage of 5 kV and a working distance of 8 mm.
Preparation of platinum nanoparticle arrays
The important factor controlling the general electrochemistry of nanoparticle modified surfaces is surface coverage and size. 21, 22 A simple but effective single pulse electrodeposition method was employed to regulate the surface coverage of particles on the glassy carbon surface. This method relies on the interplay between instantaneous and progressive nucleation. 23, 24 By keeping the platinum salt concentration low the low surface coverages can be attained purely by altering the deposition time (albeit with some loss of size dispersity) due to the fact the instantaneous nucleation is not possible under these conditions. Whilst instantaneous deposition will give particles with a narrow size dispersion, progressive nucleation allows for the easier formation of sparse coverages. However this control over the surface coverage comes at the expense of the ability to control size dispersity. Nevertheless, in the limit that the nanoparticle coverage is sufficient for nearly complete diffusional overlap between adjacent nanoparticles -the so-called case 4 limit -then it is the total coverage which is the primary controlling factor. 21, 22 As the electrochemistry of glassy carbon is sensitive to pretreatment the glassy carbon electrode was first cycled 20 times between 0.05 V and 1.3 V in N 2 saturated 0.5 M H 2 SO 4 in order to gain a more reproducible surface on which to electrodeposit platinum from solution. The glassy carbon electrode was then tested for oxygen reduction by running three scans from 0.9 V to 0.05 V in O 2 saturated H 2 SO 4 . This gave a voltammogram free from signs of oxygen reduction from 0.9 V to 0.15 V with the beginnings of a reduction wave at potentials negative of 0.15 V. This reduction wave can be ascribed to combined effects of oxygen reduction/ solvent breakdown on the native classy carbon surface. 25 The glassy carbon substrate can therefore be assumed essentially inert to oxygen reduction at potentials greater that 0.15 V. The electrode was then placed in the platinum deposition solution consisting of N 2 saturated 1 mM H 2 PtCl 6 in 0.5 M H 2 SO 4 and a chronoamperometry scan at 0.240 V was started immediately. Depending on the desired coverage the chronoamperometry scan was run for either 15 or 30 s. For a 15 s deposition time particles with a 29 nm radius with a coverage of 0.46% were obtained. For a 30 s deposition time particles of 136 nm radius with a 1.96% coverage were obtained.
Simulation
Simulations were performed using the diffusion domain approximation. This approach has been used successfully to simulate voltammetry for both one and two dimensional problems. Further details can be found in references. [26] [27] [28] [29] The diffusion coefficient of oxygen in 0. ). The raw data gathered is shown in Fig. 2 . Simple Tafel analysis of the voltammograms shown in Fig. 2 give an average electron transfer coefficient (a) of 0.3 for the low coverage sample and 0.4 for the high coverage sample. Fig. 3 shows a Randles-Ševčík plot of the experimental peak current vs. the square root of the scan rate. From eqn (3.1) we can see that for a flat, uniformly active, planar electrode this should give a linear plot proportional to the number of electrons transferred in the reaction
where I p is the peak current, n 0 is the number of electrons transferred before the rate determining step, a is the electron transfer coefficient, n is the total number of electrons, F is the Faraday constant, [A] bulk is the bulk concentration of the reactant, n is the scan rate, D is the diffusion coefficient of the reactant, R is the gas constant and T is the temperature. Also shown in Fig. 3 Note that eqn (3.1) applies rigorously for a uniform electrode which is clearly not the case in the present study. However simulations [16] [17] [18] [19] 32, 33 have shown that it is also applicable to nanoparticle arrays, for suitably low voltammetric timescales (t) in which the distance diffused ($ ffiffiffiffiffiffiffiffi 2Dt p ) is comparable or larger compared to the average spacing between the nanoparticles. In the present case D is of the order 10 À5 cm 2 s À1 and t is of the order 1 s it follows that so long as the nanoparticle spacing does not exceed B50 mm the s so-called case 3 or case 4 limit is reached and eqn (3.1) holds approximately and can be used, as here, for initial estimates prior to full simulation as below. For the low coverage-small nanoparticle case the experimental data fits quite well to a two electron reduction on a uniform planar electrode but for the high coverage-large nanoparticle case the data fits somewhere between the predicted values for a two and a four electron reduction. The deviations reflect the effects of non-uniform electroactivity and the non flat nature of the surface. Hence, a more rigorous approach to modelling the experimental data is needed, as addressed below.
Platinum nanoparticle characterisation
After voltammetric experiments had been run the modified surfaces were characterised by electron microscopy. Using SEM images and the image processing tool ImageJ (National Institutes of Health, USA) the size and coverage of the deposited platinum particles was ascertained. Fig. 4 shows the SEM pictures acquired using a 15 s deposition time. From this we can see that the resulting surface gives an array of small nanoparticles on the glassy carbon surface with a very low surface coverage. Conversely, Fig. 5 shows the SEM pictures acquired using a 30 s deposition time and these images show that the resulting surface gives an array of large nanoparticles with a higher surface coverage. Histograms of the particle radii on each array are shown in Fig. 4(d) and 5(d) . These histograms show an average particle radius of 29 nm for the low coverage-small nanoparticle sample and 136 nm for the high coverage-large nanoparticle sample. The surface coverages were calculated using a selection of figures of similar magnification to those shown in Fig. 4(b) and 5(b) . From these the surface coverages were calculated to be 0.46% for the low coverage-small nanoparticle sample and 1.96% for the high coverage-large nanoparticle sample.
Simulation and fitting
In order to simulate and fit voltammograms it is necessary to identify a suitable mechanism that is consistent with any potential intermediates (such as H 2 O 2 ) and describes properly the voltammetry over the full range of scan rates studied.
As mentioned above, the onset of oxygen reduction/solvent breakdown 25 on the glassy carbon substrate occurs at potentials negative of 0.15 V. Given that the initial portions of all the oxygen reduction waves emanating from the platinum occur at potentials positive of 0.15 V, in order to simplify the problem, the glassy carbon substrate on which the particles sit can be assumed electrochemically inert, with its sole purpose merely to provide electrical contact to the platinum nanoparticles.
It is known that in acidic, aqueous solution O 2 can undergo up to four electron transfers coupled with four proton transfers to form water. However given the speed of proton transfer, that the pH of the electrolyte is near zero and the [O 2 ] : [H + ] ratio is of the order of 500-1000, protonation reactions can be discounted as contributing to any rate determining effects. If we then treat the remaining electron transfers as a general electrochemical problem we are left with four, sequential, electron transfers ('E' steps) This mechanism would produce a cyclic EEC mechanism such as:
All three mechanisms explained above are summarised in Table 1 along with an interpretation of their physical meaning. In order to simulate the above mechanisms the standard electrochemical rate constants, transfer coefficients and formal potentials, plus any chemical rate constants would need to be known. However, these only become important when they are associated with the rate determining step. If we assume the rate determining step is the first electron transfer forming O 2 À from O 2 then all the other electron transfer steps can be assumed as being fully driven.
Under such a mechanism, and using the Butler-Volmer formalisation, this gives three unknowns: the standard electrochemical rate constant (k 0 ), the transfer coefficient (a) and the formal potential (E 0 f ) for the first electron transfer (c.f. eqn (3.16)), plus the rate constant for any heterogeneous chemical step (k het ). Previous studies and investigations have identified the E 0 f as 0.058 V vs. SHE. 35 This then leaves just two unknown electrochemical parameters; the a value and k 0 for the rate determining electron transfer step. EE mechanism. If the rate determining step is the first step, then the shape of the voltammogram will be dependent on the alpha value of this step and the local mass transport regime; dictated by the geometry (in this case the coverage and size of nanoparticles) of the electrode. As the geometry of the electrode has been characterised, the a value can be pin pointed by matching the shape of the experimental voltammogram to the shape of a scaled, simulated voltammogram. Using this simple trial and error method, the a value was found to be 0.23 for the low coverage-small nanoparticle case and 0.42 for the high coverage-large nanoparticle case.
After calculating the k 0 for all the scan rates involved, an average k 0 value of B10 cm s À1 was obtained for the low coverage-small nanoparticle case. For the high coverage-large nanoparticle case, the poor fit between experimental and simulated currents (as can be seen in Fig. 9 (b) and 12(b)) was such that the EE mechanism could be discarded. 
Mechanism

General electrochemical representation
Possible physical interpretation A comparison of the simulated fits with the experimental voltammograms can be seen in Fig. 6 , with the corresponding Randles-Ševčík plots in Fig. 7. From Fig. 7 it can be seen that a fit for two electron reduction fits surprisingly well, especially considering platinum is so often thought of as a catalyst for four electron reduction. This fit gives a strong indication that the predominant mode of oxygen reduction on this sample is giving an overall two electron reduction to produce H 2 O 2 , not the four electron reduction to H 2 O expected on the basis of high platinum coverages.
EECEE mechanism. For consideration of the possible EECEE mechanism the a values of 0.23 and 0.42 for the low and high coverage cases respectively were retained. The EECEE mechanism contains a heterogeneous, chemical 'C' step. The value of the heterogeneous, chemical, rate constant (k het ) associated with this step will obviously have a bearing on the voltammetry and hence needs to be identified. To do this a series of voltammograms were simulated using a range of k het values, for each individual scan rate. The peak currents obtained from the simulated voltammograms were then plotted against the log k het values, producing a set of sigmoidal shaped curves, an example of which is shown in Fig. 10 . The sigmoidal curves in Fig. 10 show the transition between the two limiting cases for oxygen reduction: two electron reduction, Fig. 7 Randles-Ševčík plot of the experimental (') and simulated (&) voltammograms, using an EE mechanism. Note the good fit obtained in all but the very lowest scan rates despite this being only a two electron mechanism. Fig. 10 the k het value for each scan rate was calculated giving an average value of 7 Â 10 À2 cm s À1 for the high coverage-large nanoparticle case.
Values for the low coverage-small nanoparticle sample can be seen in the summarised data in Table 2 .
The final parameter to fit was the k 0 for the first, rate determining, step. This was calculated in the same way as for the EE mechanism. The results of the final fitting of the data to an EECEE mechanism can be seen in Fig. 8 and 9 . It can be seen that the fit is markedly improved for the high coverage-large nanoparticle case, in comparison to the EE mechanism fit. EEC cyc . The methodology used to fit the experimental data to an EEC cyc mechanism was identical to that used for the EECEE mechanism, with the parameters for the, rate determining, first E step and the chemical C step calculated in exactly the same manner, save for the change of mechanism (as detailed in Table 1 ).
The results obtained from fitting the experimental data to an EEC cyc can be seen in Fig. 11 and 12 . It can be seen that for the high coverage-large nanoparticle case the fit is slightly worse than for the EECEE mechanism. However, for the low coveragesmall nanoparticle case it can be seen that the fit is considerably worse when compared to the EE and EECEE mechanism fits.
The fitted parameters for all three mechanism (EE, EECEE and EEC cyc ) are summarised in Table 2 . Due to the inseparability of the effects arising from k 0 and E 0 f values for irreversible electrode kinetics, a unifying parameter (3.17) has also been included in this table, incorporating both the k 0 and E 0 f values,
where k 0 is the electrochemical rate constant, a is the transfer coefficient, E 0 f is the formal potential, T is the temperature and R and F are the gas and Faraday constants, respectively.
Conclusions
The preceding results and analysis clearly show that oxygen reduction on platinum is not a direct four-electron reaction but is instead a sequential process. We can see that because the value of the intermediate chemical step (k het = 1 cm s À1 ) is an order of magnitude lower than the mass transport limit to or from the nanoparticles (k MT = 10 cm s À1 ), the nature of the reduction (two-electron or four-electron) relies on a delicate interplay between diffusion and chemical kinetics; with higher particle coverages providing a greater chance of an overall fourelectron reduction. By comparison of the fitted voltammetry for the three different mechanisms tested it is clear that that the EECEE mechanism provides the best fit in both low and high coverage cases. However, the key finding of this work is not the pinpointing of the exact mechanism but that at low particle coverages oxygen reduction on platinum approximates to a two electron reduction producing H 2 O 2 and not as a four electron reduction producing H 2 O. Due to the prevalence of platinum in the fuel cell industry, this finding has obvious, wideranging, implications for fuel cells. This finding clearly demonstrates that accounting for the diffusional environment is vital when making analytical fuel cell catalysis measurements, especially comparing them to maximum theoretical values calculated for four electron reduction. In addition the dependence of the a value on the size of the nanoparticle is very interesting and confirmed by simulation. This observation is likely attributable to the adsorption of species involved in the rate determining electron transfer step.
As with previous investigations 21 we emphasise that these measurements are performed on flat substrates. Whilst we would expect the general mechanism presented here to be applicable to all cases of platinum oxygen reduction, we expect that performing similar experiments on a porous system, of any kind, would further alter the effects seen, due to the contribution of thin layer type diffusion. 
